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Abstract 
Production processes, as used for discrete part manufacturing, are responsible for a substantial part of the environmental impact of products, but 
are still poorly documented in terms of environmental impact. The present paper proposes an energy analysis of single point incremental 
forming processes (SPIF). The electrical energy consumption of two different setups have been considered and compared. In particular the 
power demand of one of the most used machine tools architecture able to perform SPIF process, namely a CNC milling machine, has been 
measured. The obtained results have been compared with the ones obtained for an innovative high speed incremental forming processes 
performed on CNC-turning machine. In order to find out the most energy efficient solution working cycle time study and power study were 
performed. 
© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction 
In the latest years many researchers focused their attention 
on evaluating and modeling the environmental impact of some 
production processes, nevertheless many processes are still 
poorly documented in terms of environmental footprint. In 
order to start to fill this knowledge gap the CO2PE!–Initiative 
[1] has been launched. In particular this initiative aims at 
coordinate international efforts aiming to document and 
analyze the overall environmental impact for a wide range of 
available and emerging manufacturing processes and to 
provide guidelines to improve these. More in particular, the 
objective of the CO2PE! initiative is to cluster forces in 
different continents, involving machine builders as well as 
academics, to analyze existing and emerging manufacturing 
processes for their ecological impact in terms of direct and 
indirect emissions. A methodology for systematic analysis and 
improvement of manufacturing unit process life cycle 
inventory (UPLCI) is provided by Kellens et al. [2]. Duflou et 
al. [3] provide a comprehensive overview of the state of the art 
in energy and resource efficiency improvement methods in the 
domain of discrete part manufacturing. As it will be detailed 
in the following sections, even though some production 
processes have been already analyzed from the environmental 
point of view a relevant effort is still necessary to cover all the 
process taxonomy. In particular, metal forming processes are  
not still well documented in terms of environmental impact. 
As a matter of fact only a very limited number of researches 
have been presented and neither modeling nor optimization 
approaches have been presented yet. 
1.1. Literature review 
Concerning the metal processing processes it is worth 
pointing out that nowadays the studies mainly focus on 
conventional material removal processes such as turning [4,5], 
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milling [5-10] and grinding[11,12]. In particular, the just cited 
studies aim at understanding the causes affecting the 
environmental impact of given processes: electric energy 
consumption, material usage and consumables flow. Besides 
machining processes, some examples of environmental 
analyses of non-machining technologies are reported for 
additive manufacturing processes[13-15] and for laser assisted 
processes [16]. 
It is worth pointing out that others non-machining 
technologies, such as forming processes, are still not well 
documented in terms of their energy and resource efficiency 
and related environmental impact. Therefore the evaluation of 
the environmental performance of metal forming processes 
(bulk and sheet) is an urgent topic to be investigated in order 
to provide both to the industrial and to the scientific world a 
full awareness about the environmental impact of all the 
production processes. For cold sheet metal forming processes, 
the main environmental concerns are related to the electrical 
energy demand as well as material waste minimization [17]. 
The available literature on the environmental performance of 
sheet metal forming processes mainly covers life cycle 
inventory analysis of air bending processes[18][19]. A 
thorough analysis on the causes affecting the environmental 
impact in metal forming processes is required. Especially the 
innovative, but energy intensive (e.g. longer forming times, 
heat assisted processes, high pressure liquid, etc…), sheet 
metal forming technologies to form light-weight materials 
require detailed study from a sustainability perspective. The 
Incremental Sheet Forming (ISF) processes form one of the 
relevant process categories in this respect and some studies on 
the environmental analysis were recently published  [20-23] . 
1.2. Single Point Incremental Forming Processes (SPIF) 
ISF was presented by Matsubara [24], for the first time, in 
Japan, in the last 1990s and was designed with the aim to 
reduce necessary equipment and to increase production 
flexibility.  
The simplest configuration, named Single Point 
Incremental Forming (SPIF), consists of a sheet clamping 
setup and a hemispherical punch that incrementally forms the 
sheet towards a desired geometry by following a proper 
trajectory on the sheet itself. Since such incremental action 
allows to avoid the use of rigid and dedicated clamping 
systems, the total lead time and costs are reduced. Generally 
all CNC-controlled three-axis are suitable to perform SPIF but 
also robot or dedicated machine tools are used. A very 
detailed overview of the process can be found in Jeswiet et al 
[25]. 
SPIF process allows also to increase formability compared 
to traditional stamping processes[25][26], in consequence 
some researchers highlighted the SPIF suitability for 
lightweight material processing by developing heat assisted 
processes [17-29]. Despite the advantages that SPIF process 
offers in terms of formability and flexibility, two relevant 
drawbacks still limit the industrial application of this forming 
technology: geometrical accuracy and the process slowness.  
Concerning the high cycle time of incremental sheet 
forming, the process time is usually estimated in tenths of 
minutes and this deeply impacts on the global productivity  
Some of the authors tried to overcome such issue by  
introducing the idea of high-speed incremental sheet forming 
[30-31]. In these papers the authors used a lathe to perform 
SPIF, obtaining satisfactory results on different lightweight 
materials: more in detail, three different aluminum alloys 
(AA-1050, AA-5754 and AA-6082) and two titanium blanks 
(Titanium Gr2 and Titanium Ti6Al4V) were tested and 
properly formed. However, the most relevant result of the 
researches previously developed concerns the strong execution 
time reduction; in particular, by taking advantages of lathe 
machine features, it was possible to reduce the forming time  
from some minutes to few seconds. 
1.3. Environmental concerns and aim of the paper 
Some of the authors analyzed the environmental impact of 
SPIF processes developed on two different platforms; a 
traditional CNC milling machine [20] and a six axes robot 
[21].  In these studies some common considerations 
characterizing the environmental performance of SPIF 
processes have been drawn: 
x electric energy consumption during forming time is the 
dominant factor in the energy demand of SPIF processes 
x the first strategy to reduce the energy demand of SPIF 
processes is reducing the forming time by optimizing the 
tool path and working at the highest admissible feed rates 
x as both analyzed machine tools showed very low machine 
tool efficiency; a proper machine tools selection coupled 
with environmental conscious process parameters selection 
could result in strong electric energy reductions. 
 
As the forming time is the dominant factor in energy 
demand, it is easy to picture that high speed incremental 
forming process could allow relevant electric energy 
consumption reduction.  
The present paper aims at analyzing and quantifying the 
energy consumption of SPIF processes of two different setups: 
traditional SPIF processes developed on a CNC milling 
machine and high speed incremental forming developed on a 
CNC lathe. The case study specification as well as the two 
considered setups will be described in section 2, whereas the 
obtained results on the different setup will be compared and 
the energy saving amount of the high speed incremental 
forming will be quantified and highlighted in section 3.  
2. The analyzed case study 
The experimental study was aimed at manufacturing a 
truncated cone with a wall inclination angle (D of 42°, a main 
diameter of 140mm and a final depth of 40mm. In order to 
form the AA-5754 aluminum alloy sheets, 1mm thick (s), a 
hemispherical tool, with a diameter (Dp) of 10mm, was 
utilized and mineral oil was used as lubricant. The following 
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Figure 1 illustrates the obtained component(Figure1a)  and the 
main process parameters (Figure1b). 
a)  
 
 
b) 
Fig. 1. (a) The obtained component; (b) process parameters. 
For each analyzed platform, two different parameters 
setting were analyzed, in particular two different feed rate 
values were tested while all the remaining process parameters 
have been kept unvaried. This choice was driven by the 
awareness that the feed rate is the most influencing parameters 
in electric energy demand and for each set up the influence 
has been proved again. Another parameter that strongly affects 
the forming time, and consequently the electric energy 
demand, is the step down. As illustrated in Figure 1b the step 
down value indicates the vertical distance between two 
subsequent spires of the tool path. It is worth pointing out that 
the size of the step down affects the cycle time as well as  the 
formability and the surface roughness. A step down  value 
equal to 0.5 mm was selected. The selected values were 
chosen as a tradeoff between an acceptable cycle time and an 
acceptable surface quality. In both the equipments  grease 
lubricant was used to reduce the related friction phenomena. 
The environmental impact of the different setups taken into 
account was experimentally analyzed. A working cycle time 
study as well as a power study developed for the 
invetorisation phase   
2.1. General purpose CNC work center setup 
For the energy analysis of SPIF process performed on a 
CNC milling machine, an experimental investigation was 
performed at the Laboratory of Manufacturing Technology of 
the University of Calabria. The experiments were carried out 
on a vertical milling machine Mazak Nexus 410A, that is a 4-
axis CNC work center. The work center was equipped with an 
energy power meter directly connected to the machine electric 
cables and linked to a wireless data acquisition system. 
Further details of the utilized equipment are displayed in 
Figure 2a. Actually, the utilized device is able to measure the 
instantaneously absorbed power, while the energy is 
calculated at the end of each test as the integral of the power 
distribution over the time. The clamping equipment ensures 
high rigidity during the experiments and was mounted on the 
machine. The clamping system consists of 16 bolts screwed in 
semi-automatic way, the used equipment is shown in Figure 2 
b.  
 
a) 
 
b) 
Fig. 2. (a) Sketch of the utilized machine and measuring system; (b) the used 
equipment in the CNC work entre 
As already mentioned, the time as well as the power study 
were developed on two different tests characterized by two 
different feed rate values, namely: 2 and 8 m/min. Table 1 
reports the details of the developed tests. 
Table 1. Process parameters setting for the CNC workcenter setup 
Test I.D. Feed 
rate 
[m/min] 
Step down 
[mm] 
M.1 2 0.5 
M.2 8 0.5 
 
2.2. High speed SPIF on CNC-turning machine setup 
In order to perform high speed incremental forming 
processes, the experimental campaign was executed by a 
MazakTM QTurn 1000 CNC lathe. The machine spindle 
allows rotating speed up to 4500 rpm, with a theoretical 
relative velocity between the sheet and punch of about 2500 
m/min for the investigated geometry. Instead, a traditional 
milling machine allows transverse speeds of about 50 m/min; 
this working velocity difference fully justifies the choice of 
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CNC lathe as an alternative SPIF machine to increase the 
process speed. In the following figure 3 a sketch of the 
developed equipment is reported. As it can be noticed while 
the CNC milling machine setup was a vertical one, the high 
speed incremental forming setup is an horizontal one.  
Dedicated clamping equipment was used and square blanks 
(240×240 mm) were mounted between two circular rings, 
obtaining a 200 mm diameter circular working zone. The 
hemispherical punch was fixed to the machine by means of a 
customized holder. 
 
 
 
Fig.3 the used equipment in the CNC  lathe machine 
Similarly to the CNC milling machine, a power meter was 
connected to the main switch of the CNC lathe machine and 
the total power was measured during the working cycle. Two 
different feed rate values were considered, namely: 8 and 
800m/min. It is worth pointing out the lower value of the 
selected feed rate corresponds to the upper value used on the 
CNC milling machine. This choice was done with the aim to 
compare the power absorption of the two different platforms 
with the same process configuration. Table 2 reports the 
details of the developed tests and each configuration was 
repeated three times in order to be careful about the statistical 
value of the measures. 
Table 2. Process parameters setting for the CNC-turning machine setup 
Test I.D. Feed rate 
[m/min] 
Step down 
[mm] 
L.1 8 0.5 
L.2 800 0.5 
 
3. Discussion of the results 
The results of the Power/Energy measurements for the four 
developed tests are reported in the following Table 3. 
Constant power trend was observed during the forming step 
for all the tests. Actually,  the considered machine tools [20] 
are not sensitive to the material hardening,   in consequence it 
is not noticeable any increasing power trend while the 
material is being formed. Such phenomenon can be explained 
by considering that the utilized machine tools are not 
dedicated for SPIF operations: the loads required by 
incremental forming processes are much lower than the ones 
required for machining processes (e.g. turning,  milling, 
drilling, etc...) for which these machine tools have been 
designed for. Therefore, such a small forming load variation, 
as the one caused by the material hardening, cannot affect the 
power absorption of the considered machine tools. In Table 3 
the forming time as well as  the power level are reported for 
each test; it is possible to notice the strong forming time 
reduction obtainable by using  a high speed SPIF set up. As a 
matter of fact the forming time can be reduced from 420 s up 
to 12 s. It is worth pointing out that the average power level is 
different for the 2 machine tools. The  4-axis CNC work 
center power level is equal about to 3.2 kW and such value is 
not affected by feed rate (average power level for test M1 and 
M2 is almost the same).  The power level for the High speed 
SPIF set-up is higher and it rises up to 8.6 kW for the test ID 
L.2. On the other side, the power absorption is affected by the 
rotational speed of the mandrel, rising up from 5.8 kW (test 
L.1, characterized by a feed rate equal to 8m/min) to 8.6kW 
(for the test L.2,  characterized by a feed rate equal to 
800m/min). The Energy consumptions calculated for the tests 
is reported in Table 3; as it can be seen, the high speed SPIF 
set up allows a relevant electric  energy consumption 
reduction. As already mentioned, the forming time is the 
dominant factor in the energy demand of SPIF processes in 
consequence the energy consumption measured during the 
fastest process configuration results very low. The additional 
energy consumption for the other configurations is also 
reported in Table 3, considering the shortest working cycle as 
reference base for the energy demand. A wrong machine tools 
selection, coupled with a wrong process parameters setting, 
could result in an additional energy consumption equal to 
1187%.  
Table 3 . Summary of the obtained results 
Test I.D. Forming 
time [s] 
Average 
Power [W] 
Energy [kJ] Additional 
Energy  
M.1 420 3147 1333.0 1187% 
M.2 144 3234 465.7 350% 
L.1 144 5825 838.8 710% 
L.2 12 8633 103.6 Reference 
 
The times study of  a working cycle for test slowest (M.1) 
and fastest (L.2) tests is reported in the following Figure 4. 
The time study is performed in order to identify the different 
use modes of a machine tool and their respective share in the 
covered times pan. The identified time modes start from the 
machine tool start-up, over the use phase to finally switching 
off the machine. Moving from the slowest  process (M.1.) to 
the fastest one (L.2) t he forming time share drops off  to 2%. 
On the other hand, taking into account the not working 
phases, two  differences can be also highlighted:  
x the unloading phase time share of the milling machine 
results higher when compared with the unloading time 
share of the lathe, such phenomenon is  due to worse 
ergonomic conditions; 
x concerning the tool referencing time share , the difference 
can be ascribed to proper fixtures of each utilized 
machines. However, this discrepancy can be neglected if 
the time analysis is reported on a real industrial scenario, 
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where batches are typically produced and the tool 
referencing operation is not repeated for each formed 
component.  
 
 
 
 
a) 
 
b) 
Fig. 4. (a) Time share for different production modes for test M.1 (a) and test  
L.2 (b) 
4. Conclusions 
The present paper aims at analyzing and quantifying the 
energy consumption of SPIF processes of two different 
setups: traditional SPIF processes, developed on a CNC 
milling machine, and high speed incremental forming, 
developed on a CNC lathe. As the forming time is the 
dominant factor in energy consumption for SPIF processes, 
the energy saving potentiality of an innovative high speed set 
up was analyzed and quantified.  In particular, the high cycle 
time characterizing the SPIF processes has limited the 
industrial applicability of this promising forming technology. 
In the present paper a forming time reduction from 420 s 
(traditional setup) to 12 s (high speed set up)  has been 
reached. Such time reduction led to relevant energy saving. 
Energy reduction was calculated in the paper, from 1333.0  kJ 
for the worst setting to 103.6 kJ for the fastest process. The 
result of the time study was reported showing that the forming 
time can reach very small values in high speed SPIF process 
(a 2% time share was calculated for one test).  
Last results once more prove how the High Speed set up 
can improve the SPIF energy efficiency . Of course, analyses 
in an industrial environment should be developed in order to 
take into account the idle times and the no productive modes 
of the considered machine tools. Such further study could 
better outline the energy saving potential of the innovative 
and energy efficient High speed SPIF process. 
The difference in terms of electric energy consumption 
revealed for different setups leads to the main conclusion that 
relevant potential savings are still possible at unit process 
level. Some improving measures should be implemented: 1-
proper selection and use (e.g. near to their maximum capacity) 
of machine tools within a process, 2-machine tools 
architecture optimization, 3-selective actuation of sub-units, 
4-reduction of standby energy and process parameters 
optimization [3]. 
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